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Introduction
Cancer is one of the deadliest diseases worldwide [1]. Nowadays, more than 50% of cancer 

patients require radiotherapy as part of their cancer treatment [2-4]. Currently, Megavoltage (MV) 
photon beams and MV electron beams are commonly used modalities for external radiotherapy. 
One of the most distinct features of MV beams is the build-up effect, which results in lower 
surface doses than maximum doses during radiotherapy. This build-up effect offers a significant 
advantage in radiotherapy when treating deep-seated tumors. However, it can also lead to reduced 
target coverage for superficial tumors. To address this challenge, tissue compensators (boluses) are 
commonly employed on the surface of the patients to enhance target coverage for superficial lesions 
[5,6].

Nonetheless, applying a commercial flat bolus on irregular surfaces can be problematic as it 
may result in unwanted air gaps between the bolus and the body surface, subsequently decreasing 
surface doses. As a result, there is a growing research interest in harnessing 3D printing technology 
for advancements of patient-specific boluses in radiotherapy, which offers the potential to overcome 
limitations associated with traditional bolus and improve treatment precision and quality [7-9].

Although extensive research has been conducted on bolus materials, a satisfactory material for 
3D printed boluses has not yet been identified. Cheap and easily accessible 3D printing materials 
such as PLA and ABS have apparent drawbacks as they often adversely affect patient comfort due 
to increasing stiffness. The flexible, odorless, nontoxic, and transparent soft hydrogel-based boluses 
tend to lose water quickly and are fragile [10].

Researchers have conducted studies to try to find better ways to design patient-specific boluses. 
It has been proven that designing boluses with professional 3D scanners, such as the Artec Space 
Spider optical surface scanner (Artec 3D, Luxembourg) with a published resolution of up to 0.1 
mm [11] and HandySCANTM 300 (Creaform, Canada) with a published resolution of 0.1 mm [12], 
is acceptable. However, due to the complex operational procedures and regulations of these high-
precision instruments, as well as their high cost, it is still necessary and urgent to find a 3D scanning 
method which is cheaper, accessible, and more convenient for clinical staff to master.
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In this research, Agilus (Stratasys, Eden Prairie, MN, USA) 
series materials, which is one kind of commercial photopolymer 
resin compatible with PolyJet printers [13-15] is studied. Moreover, 
a new handheld scanning instrument called Structure Sensor Pro 
(Occipital, Inc., Boulder, CO, USA), releasing in July 2021, designed 
especially for healthcare demands, which is small-sized (109 mm × 18 
mm × 24 mm), cheap (less than 1000 US dollars), and has a published 
resolution of 1.30 mm, was used to generate the 3D-printed boluses 
[16].

Materials and Methods
Material analysis

CT value measurement: CT calibration curve was used to 
convert CT Hounsfield Units (HU) to physical density for dose 
calculations in treatment planning systems. The accuracy of this 
conversion is crucial to ensure that dose calculations are accurate 
[17]. Hence, the first material test was a CT value measurement to 
check how well the sample material's density can be predicted by the 
CT calibration curve. In this experiment, five 30 mm × 30 mm × 30 
mm Agilus (Stratasys, Eden Prairie, MN, USA) cubes in the following 
shore value: Agilus-30, Agilus-40, Agilus-50, Agilus-60, Agilus-70 
were printed by PolyJet J750 printer (Stratasys, Eden Prairie, MN, 
USA). The average CT value of each cube was measured by the GE 
Discovery™ RT CT (GE Healthcare, Milwaukee, WI, USA) and the 
clinical CT calibration curve was used to predict the density of each 
cube. The actual density, determined based on weight measured by 
electronic scale (Type BCE62021-1CEU, Sartorius Lab Instruments, 
Germany) and dimensions, was then compared to the expected 
density from CT scan. This comparison can illustrate how well our 
CT calibration curve predicted the materials’ physical density and 
help to verify whether Agilus-30 has better radiological properties 
compared to high hardness Agilus materials.

PDD measurement: A further assessment of Agilus-30’s 
radiological properties were performed with Percentage Depth Dose 
(PDD) measurements. Additional blocks with Agilus-30 material that 
could be used to do PDD measurements were designed and printed. 
The blocks are consisted of two 20 cm × 20 cm × 0.2 cm blocks, two 20 
cm × 20 cm × 0.3 cm blocks, one 20 cm × 20 cm × 1 cm block, four 20 
cm × 10 cm × 2 cm blocks, four 20 cm × 5 cm × 5 cm blocks, two 20 
cm × 10 cm × 2.5 cm blocks, two 20 cm × 6 cm × 2.5 cm blocks, one 8 
cm × 7 cm × 2.5 cm block and one 13 cm × 8 cm × 2.5 cm block. A hole 
that fits exactly with the Semiflex Ionization Chamber (Type 31010, 
PTW-Freiburg, Freiburg, Germany) was designed at a depth of 0.5 
cm of the 13 cm × 8 cm × 2.5 cm block, so that the ion chamber could 
be positioned at a certain depth by stacking the various components 
in various configurations. The ionization chamber was connected to 
Unidos Webline Electrometer (PTW-Freiburg, Freiburg, Germany). 
Ionization measurements were performed using a Varian Edge linear 
accelerator (Varian Medical Systems, Palo Alto, CA, USA) with 6 
MV energy, 200 Monitor Units (MU), 600 MU/min dose rate photon 

beam and a 10 cm × 10 cm field size. The beam was aimed vertically 
downward with gantry angle of 0°, and Agilus-30 blocks were placed 
vertically parallel to beam's central axis.

Phantom study
Air gap measurement: In order to verify whether Structure 

Sensor Pro, a new hand-held, cheap and easy-to-operate 3D 
scanning instrument, can be used to design 3D-printed boluses with 
small errors like the high-precision and high-priced 3D scanning 
instruments, the phantom study was carried out. Ear and nose were 
chosen as the targets of our phantom study. The boluses are generated 
in the following two paths.

In the first path (Figure 1), ET Verification Head Phantom 
(Brainlab AG, Munich, Germany) was firstly scanned by GE 
Discovery™ RT CT (GE Healthcare, Milwaukee, WI, USA) and 
then the 3D model of the phantom was reconstructed with Mimics 
Innovation Suite 20 medical imaging software (Materialise, Leuven, 
Belgium). Later, Blender 3D modelling software (The Blender 
Foundation, Amsterdam, Netherlands) was used to design ear and 
nose boluses that can be used for 3D printing.

In the second path (Figure 2), the same ET Verification Head 
Phantom was scanned by Structure Sensor Pro (Occipital, Inc., 
Boulder, CO, USA) and a 3D model of the phantom was obtained 
directly. Blender 3D modeling software was then used to design ear 
and nose boluses for 3D printing as well.

After the nose and ear boluses were printed, they were placed on 
the corresponding parts of the ET Verification Head Phantom and 
scanned again by GE Discovery™ RT CT (Figure 3). Medical tape 
(3M™ Micropore Tape 1530-1) was used to assist with the boluses' 
placement on the phantom. The CT DICOM data were imported into 
the treatment planning software (version 16.00.00, Varian Medical 
Systems, Inc., Palo Alto, CA, USA) for analysis. The Region of Interest 
(ROI) of the nose and ears was outlined by two experienced medical 
physicists using Eclipse software, and then the air cavity volumes 
between the phantom and boluses within the ROI were delineated and 
calculated by Eclipse software (Figure 4). The surface areas between 
the phantom and boluses were calculated by the ParaView (Version: 
5.11.1, Kitware, Inc. and Los Alamos National Laboratory, USA) 
software. The average air gaps between boluses and the phantom 
could be calculated as the air cavity volume divided by the surface 
areas between the phantom and boluses. Moreover, the maximum 
air gaps between the phantom and boluses could be measured with 
Eclipse software by the ruler tool.

CT simulation: In the ROI region of the nose outlined before, 
a sphere with a radius of 0.75 cm was assumed to be the target 
volume. And in the ROI region of the ear, the upper part of the ear 
is delineated as the target volume. To establish consistency of the 
Planning Target Volume (PTV) for the plan comparison, the PTV 
was defined in the CT image with Superflab bolus and fused to the 

Agilus-Shore value Agilus-30 Agilus-40 Agilus-50 Agilus-60 Agilus-70

Average CT value (HU) 109.70 111.20 113.80 117.30 113.90

Average physical mass m (g) 30.024 30.361 30.385 30.531 30.800

Physical density ρ (g/cm3) 1.112 1.124 1.125 1.131 1.141

Density predicted by CT calibration curve µ (g/cm3) 1.066 1.067 1.068 1.070 1.068

Error (%) 4.137% 5.071% 5.067% 5.393% 6.398%

Table 1: Comparison of measured density and density calculated by CT calibration curve of Agilus material.
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other two sets of CT images. The Anisotropic Analytical Algorithm 
(AAA) was used to develop radiation plans from one anterior field 
for nose boluses and one horizontal field for ear boluses in the Eclipse 
radiotherapy treatment planning system (version 16.00.00, Varian 
Medical Systems, Inc., Palo Alto, CA, USA). 6 MV photon beams 
were used in all plans. The prescription dose was set as 200 cGy of the 
target volume in the plan. Then the treatment plan was normalized 
by two experienced medical physicists so that 95% of the target 
volume could achieve the prescription dose (V95%=100%). Dmax 
(maximum dose), Dmean (mean dose), Dmin (minimum dose), 
D95% and D90% (doses that cover at least 95% and 90% of the target 
volume, respectively), and V95% (volume receiving at least 95% of 
the prescribed dose) were estimated for all the above cases.

Results
Material analysis

CT value measurement: The results of the CT value measurement 
experiment and physical density calculation of different Agilus 
compounds were displayed in Table 1 and Figure 5.

PDD measurement: The result of PDD measurements 
experiment was shown in Figure 6. The water commissioning PDD 
curve and TPS modeled PDD curve were imported as comparison to 
demonstrate how the measured Agilus-30 PDD behaved similarly to 
water and treatment planning systems.

Phantom study
Air gap measurement: Calculation results of average air gap and 

average max air gap between different boluses and phantom within 
ROI are shown in Table 2, 3.

CT simulation results: TPS results of the dosimetric parameters 
of different boluses are shown in Table 4. Dose distributions and 
isodose lines corresponding to the radiation therapy plans with 
different boluses are shown in Figure 7. Dmax, Dmean, and Dmin 
refer to maximum dose, mean dose, and minimum dose respectively 
in PTV, D95% and D90% refer to doses that cover at least 95% 
and 90% of the target volume respectively. V95% refers to volume 
receiving at least 95% of the prescribed dose in PTV.

Discussion
Material analysis review

According to the CT value experiment, the Agilus-30 block's 

density was most reliably predicted by the CT calibration curve, 
among other Agilus components with higher shore values. It is 
shown that the errors between the densities predicted by CT and the 
physical density of Agilus-30, Agilus-40, Agilus-50, Agilus-60, and 
Agilus-70 materials are respectively 4.137%, 5.071%, 5.067%, 5.393% 
and 6.398%.

What’s more, according to the PDD measurement experiment, 
it can also be seen from Figure 6 that the measured Agilus-30 PDD 
values keep close to the commissioning water curve in general, 
which reveals that the radiological property of Agilus-30 material is 
remarkably similar to that of water. Plus, the calculated doses from 
the treatment planning system and the measured doses agreed well. 
This is advantageous for preserving electronic equilibrium at the 
skin's surface and for dose calculation when using as bolus material. 
It is also noticed that when the thickness of Agilus-30 material was 
greater than 5 cm, the deviation of Agilus-30's measured doses 
from the TPS calculated dose curve and commissioning water curve 
slightly increased. However, it is acceptable that the PDD of measured 
Agilus-30 will deviate more from the TPS calculated dose curve and 
water commissioning curve at deeper depths, as the thickness of 
boluses commonly used in clinical is only 2 mm to 15 mm [18,19].

In addition, due to the translucent nature of Agilus-30 material, 
the accurate and reproducible clinical placement of boluses could be 
confirmed by the clinical staff, which is an advantage that many other 
3D printing materials do not have.

However, it is found that the 1 cm thick commercial Superflab 
bolus is much softer, stickier and more malleable than the 1 cm thick 
Agilus-30 material. The Superflab bolus can be tightly attached to 
the surface of the phantom with medical tape in a protruding and 
flat structure like the bridge of the phantom’s nose because of its 
better ductility, adhesion and softness, while the 3D-printed boluses 
with Agilus-30 material cannot be deformed by the external force 
exerted by the medical tape to fully fit the bridge of the nose. But 
the commercial Superflab bolus is still not malleable enough to fit the 
more detailed structure in the corneal area, such as the tip of the nose 
and the pinnae, even with the help of medical tape. Hence, in the nose 
part, 3D-printed boluses even have larger average air gaps between 
boluses and phantom than the commercial Superflab bolus while the 
average max air gaps between phantom and boluses can be reduced 
by 3D printing technology. And in the ear part with finer structures, 
both average air gaps and average max air gaps can be reduced by 3D 

Figure 1: Flowchart of generating boluses from CT reconstruction method.
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printing technology.

Moreover, to be further utilized in clinical settings, bolus materials 
must successfully pass biological testing. Additional biological tests 
should be held in the future research.

Comparison of CT reconstruction method and structure 
sensor pro scanning method to make boluses

According to Table 2, average air gaps between commercial 
Superflab nose bolus, CT reconstructed nose bolus, Structure Sensor 
Pro scanned nose bolus and phantom within the ROI are 0.868 
mm, 0.900 mm, and 0.932 mm respectively. And average air gaps 
between commercial Superflab ear bolus, CT reconstructed ear bolus, 
Structure Sensor Pro Scanned ear bolus and phantom within the ROI 
are 1.818 mm, 0.477 mm, and 1.535 mm respectively. Through this 
set of data, it is obvious that in the nose part, 3D-printed boluses 
cannot reduce the average air gaps between boluses and phantom. 
But in the ear part, the average air gaps between the phantom and 
3D-printed ear bolus produced by Structure Sensor Pro scanning 
method can be reduced by 15.56% compared with the commercial 
Superflab boluses. And the 3D-printed ear bolus produced by CT 
reconstruction method could even be reduced by 73.76% compared 
with the commercial Superflab boluses.

According to Table 3, average max air gaps between commercial 

Superflab nose bolus, CT reconstructed nose bolus, Structure Sensor 
Pro scanned nose bolus and phantom are 5.97 mm, 2.80 mm, and 
3.70 mm respectively. And average max air gaps between commercial 
Superflab ear bolus, CT reconstructed ear bolus, Structure Sensor 
Pro Scanned ear bolus and phantom are 9.20 mm, 2.43 mm, and 5.73 
mm respectively. Through this set of data, it can be pointed out that 
the max air gaps between the phantom and 3D-printed nose bolus 
produced by Structure Sensor Pro scanning method can be reduced 
by 38.02% compared with the commercial Superflab bolus. And the 
3D-printed nose bolus produced by CT reconstruction method can 
be reduced by 53.10% compared with the commercial Superflab nose 
bolus. In the ear part, the max air gaps between the phantom and 
3D-printed ear bolus produced by Structure Sensor Pro scanning 
method and CT reconstruction method can be reduced by 37.72% 
and 73.59% respectively compared with the commercial Superflab 
bolus.

Generally speaking, the 3D-printed boluses produced by CT 
reconstruction method have a better result than the 3D-printed 
boluses produced by Structure Sensor Pro scanning method. The 
maximum air gap manufactured by CT reconstruction method in 
our research is 3.7 mm. This result is consistent with other studies 
of CT reconstructed 3D-printed boluses showing that the maximum 
air gaps are within 2 mm to 4.7 mm [11,13,20,21]. The maximum air 

Figure 2: Flowchart of generating boluses from Structure sensor Pro scanning method.

Figure 3: Plot of phantom with boluses.
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Figure 4: CT slices in TPS showing the ROI (areas inside the yellow line), the air cavities between phantom and different boluses (areas inside the pink line), and 
the volume of air cavities within the ROI (Union region) with different boluses.

Figure 5: Plot of HU and the measured density for Agilus cube samples and the CT calibration curve.

gap manufactured by Structure Sensor Pro scanning method in our 
research is 6.8 mm. This result is not as good as other experiments 
using high resolution 3D scanner to make 3D boluses showing that 
the maximum air gaps are less than 0.6 mm [11,21].

However, errors introduced in the scanning process cannot be 
ignored because the Structure Sensor Pro 3D scanner was performed 
in a non-standardized indoor location. The light and background 
objects during the scanning operation and the stability of the scanning 
operator's operation may bring relatively large errors to the scanning 
process. Because Structure Sensor Pro has a published resolution of 
1.30 mm, it is believed that there is still much room for improvement 
in the experimental results of manufacturing 3D-printed boluses 
through Structure Sensor Pro scanning.

What’s more, the geometric accuracy and reproducibility of 

printed boluses also depends on the errors introduced at each step of 
the 3D printing process, from scale uncertainty when converting file 
formats from DICOM to STL, image segmentation and subsequent 
modification of the segmented model to printing and post-processing. 
Therefore, it is believed that the theoretical accuracy and the degree of 
fit of 3D-printed boluses with phantom will be higher than the results 
obtained in this experiment.

According to the CT simulation experiment, all the boluses 
including commercial Superflab boluses and 3D-printed boluses 
generated by two different methods allow the prescribed dose to 
be efficiently delivered to the target volume. Overall, the treatment 
planning results of different boluses were not much different. This 
is consistent with the results of other similar studies [18,22,23]. And 
according to this research, 3D-printed boluses could slightly increase 
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Figure 6: Plot comparing the water commissioning curve (blue line), the TPS modeled PDD curve (yellow line) and the measured PDD (purple dots) of Agilus 30 
material.

 
a)             b) 

 
c)              d) 

 
e)            f) 

Figure 7: Dose distributions and isodose lines corresponding to the radiation therapy plans with different boluses.

the mean dose delivered to PTV, which is one of the advantages of 
3D-printed boluses. It is also proven that the 3D-printed boluses can 
improve the reproducibility of setup conditions.

Based on above analysis, it is believed that the following research 
of patient-specific 3D-printed boluses remains beneficial and 
potential to patients and medical staff for radiotherapy treatment.
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